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Social neuroscience is rapidly exploring the complex territory between perception and action where recog-
nition, value, and meaning are instantiated. This review follows the trail of research on oxytocin and vaso-
pressin as an exemplar of one path for exploring the ‘‘dark matter’’ of social neuroscience. Studies across
vertebrate species suggest that these neuropeptides are important for social cognition, with gender- and
steroid-dependent effects. Comparative research in voles yields a model based on interspecies and intraspe-
cies variation of the geography of oxytocin receptors and vasopressin V1a receptors in the forebrain. Highly
affiliative species have receptors in brain circuits related to reward or reinforcement. The neuroanatomical
distribution of these receptors may be guided by variations in the regulatory regions of their respective genes.
This review describes the promises and problems of extrapolating these findings to human social cognition,
with specific reference to the social deficits of autism.Social neuroscience has come a long way in a short time.
Two decades ago, a gap existed between behavioral neurosci-
ence, systems neuroscience, behavioral ecology, and social
psychology. Today, the field of social neuroscience fills this
gap with abundance: social neuroscience now has its own jour-
nals, textbooks, societies, and, according to PubMed, nearly
3000 research papers (as of February 22, 2010). Much of this
stunning growth has been driven by human neuroimaging
studies seeking the neural correlates of psychological pro-
cesses, from face perception to social preferences. Social
neuroscience has a different foundation in animal studies, built
on molecular and cellular approaches as well as the tools of
systems neuroscience. In fact, the history of animal studies of
social perception and social behavior with classical lesion and
neurophysiological techniques extends back several decades
in the venerable literatures of neuroethology and behavioral
neuroendocrinology. This review will follow a single thread of
social neuroscience spun from this older animal research,
recently woven into human studies and now suggesting potential
treatments of human disorders of social behavior, such as
autism.
Social Neuroscience in 2010
Most of social neuroscience can be separated into studies of
either receptive or expressive processes. Receptive studies,
which emerged from neuroethology, focus on sensory process-
ing. From the elegant work on pheromone receptors in mice
(Dulac and Torello, 2003) to the careful mapping of face cells in
human and nonhuman primates (Kanwisher, 2006), this arm of
social neuroscience has described the neural geography and,
in some cases, the cellular landscape by which sensory informa-
tion is initially encoded as social. A fundamental insight from
receptive studies is that, in most vertebrates, the brain employs
specific receptors or cortical regions for processing social768 Neuron 65, March 25, 2010 ª2010 Elsevier Inc.information, whether that information is from pheromonal/olfac-
tory, audio-vocal, somatosensory, or visual cues. That is, social
information is not simply complex multisensory perception; it is
perceived and encoded in unique ways in the brain.
Expressive studies, long the domain of behavioral neurosci-
ence and behavioral neuroendocrinology, focus on social
interactions: communication, reproductive behavior (especially
parental care and sex), agonistic actions (aggression and preda-
tion), and affiliative behaviors (including social play). In verte-
brates (and many invertebrates), nearly all of these behaviors
are influenced by gonadal steroids (estrogens and androgens),
acting via their nuclear receptors. The mapping of gonadal
steroid receptor expression in the brain helped identify key
regions for social behavior (McEwen et al., 1979; Pfaff and
Keiner, 1973; Pfaff and McEwen, 1983). Additionally, steroid
receptors are transcription factors, and by identifying the genes
regulated by steroid receptors, a molecular basis for social
behavior could be proposed (Wa¨rnmark et al., 2003).
Between the receptive and expressive arms sits the great dark
matter of social neuroscience. (Figure 1) What happens between
the stage when a percept is encoded as ‘‘social’’ to the stage
when a ‘‘go’’ signal is given for initiating social behavior? How
does the brain distinguish prey from predator, juvenile from
adult, novel from familiar, kin from unrelated conspecific? What
are the neural mechanisms that facilitate or inhibit social interac-
tion? These are the questions that have been more difficult to
answer.
Recently, researchers have begun to address these questions
with human neuroimaging studies seeking to map various
aspects of higher-order processing of social information and
even develop computational principles for the neural basis of
social cognition (Behrens et al., 2009). Human neuroimaging
studies can describe the cortical patterns, but mechanistic
studies are still mostly the domain of animal research. In fact,
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Figure 1. The Dark Matter of Social
Neuroscience
Social neuroscience has benefited from the legacy
of two venerable traditions: studies of sensory
processing from neuroethology and studies of
social behaviors from neuroendocrinology. The
vast and often mysterious territory in between
the sensory input and motor outputs—the ‘‘dark
matter’’—involves integrative circuits that remain
to be fully described. At the simplest level, the
outputs can be described as approach and affilia-
tion, which Taylor and colleagues have called
‘‘tend and befriend,’’ versus agonistic behavior
or avoidance, classically called ‘‘fight or flight’’
(Taylor et al., 2000).
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neuroscience are being explored with greatest success in Cae-
norhabditis elegans (C. elegans), an invertebrate with a central
nervous system (CNS) composed of only 302 neurons but
a surprisingly complex behavioral repertoire that includes social
feeding and social avoidance. Dr. Cornelia Bargmann’s labora-
tory has recently reported on the first cellular model of social
behavior inC. elegans, describing a hub and spoke arrangement
of cells for organizing social information processing, regulating
the expression of affiliative behavior (Macosko et al., 2009).
The molecular basis of social feeding in C. elegans largely
depends on a neuropeptide receptor, encoded by the npr gene
(de Bono and Bargmann, 1998). Gene transfer experiments
between strains of worms that differ in their propensity for
feeding in social groups demonstrate that this single genetic
variant can shift a social strain to become solitary or a solitary
strain to become social (de Bono and Bargmann, 1998). Social
feeding is driven by neurons that detect noxious chemicals in
the environment (de Bono et al., 2002; Gray et al., 2004). While
we have much to learn about the dark matter of social neurosci-
ence, these seminal studies in C. elegans demonstrate that (1)
complex social behaviors may rely on surprisingly simple molec-
ular mechanisms, (2) neuropeptides and their receptors appear
to be important mediators of social behaviors, and (3) compara-
tive studiesmay be a powerful approach for social neuroscience.
The remainder of this review applies these three principles to
understand the neurobiology of social affiliation involving two
neuropeptides: oxytocin and vasopressin.
Neuropeptides as Neuromodulators
Of the roughly 100 neuropeptides described in the mammalian
brain, most are synthesized and released from the hypothal-
amus, often with peripheral effects as endocrine hormones.
Neuropeptides usually interact with G protein-coupled recep-
tors, through which they act as slow neurotransmitters or neuro-
modulators. Nonapeptides are one of the oldest families of
neuropeptides: each with nine amino acids and a genetic
structure that includes a large precursor protein known as neuro-Neuron 6physin. The nonapeptide lineage has
been traced through invertebrates and
includes members in virtually every verte-
brate taxa. There are twomembers of this
class in vertebrates: arginine vasotocin(arginine vasopressin in mammals) and the oxytocin-like
peptides (isotocin in fish, mesotocin in lungfish and noneutherian
tetrapods, and oxytocin in eutherian mammals). Across these
diverse species, three aspects appear to be conserved: (1) non-
apeptides are usually expressed selectively in brain and gonads;
(2) nonapeptides and their receptors are influenced by gonadal
steroids, seasonality, and gender; and (3) nonapeptides are
important for social behavior, often in a highly species-typical
fashion.
The remarkable evolution of nonapeptides and social behavior
has been reviewed elsewhere (Donaldson and Young, 2008;
Goodson, 2005) A few examples help to illustrate the extraordi-
nary evolutionary conservation of the behavioral effects of this
family. In the mollusc Lymnaea stagnalis, a single ancestral non-
apeptide (lys-conopressin) is expressed selectively in neuronal
and gonadal cells where it binds to a G protein-coupled receptor
to influence male copulatory behavior (van Kesteren et al., 1992,
1995, 1996). In birds, the representative nonapeptides are vaso-
tocin and mesotocin. In different species of finches, mesotocin
receptor distribution in the lateral septum correlates with flock
size, and administration of mesotocin increases while a mesoto-
cin antagonist reduces social behavior, such as flock formation
(Goodson et al., 2009). In bony fish, arginine vasotocin and iso-
tocin have been studied extensively. The plainfin midshipman
is a vocal teleost fish in which grunts are an important aspect
of reproductive behavior. Arginine vasotocin, but not isotocin,
regulates grunting in males whereas isotocin but not arginine
vasotocin influences grunting in females (Goodson and Bass,
2000).
Oxytocin and Vasopressin in Mammals
The same principles of nonapeptide function observed in inver-
tebrates and nonmammalian vertebrates are evident in rodents.
Oxytocin (OT) and arginine vasopressin (AVP) are synthesized in
the brain’s hypothalamic paraventricular and supraoptic nuclei,
with AVP also synthesized in the suprachiasmatic nucleus.
Both neuropeptides are transported via large neurosecretory
axons to the posterior hypothalamus, hence their common5, March 25, 2010 ª2010 Elsevier Inc. 769
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Reviewdesignation as neurohypophyseal peptides. OT is released from
the posterior pituitary in response to sexual stimulation, uterine
dilatation, nursing, and, in some situations, stress. OT receptors
in the uterine and mammary myoepithelium result in labor and
lactation. Importantly, expression of these peripheral OT recep-
tors increases markedly in response to the gonadal steroids of
late pregnancy. AVP is released in response to sexual stimula-
tion, uterine dilatation, stress, and dehydration. AVP V2 recep-
tors in the kidney are antidiuretic, whereas V1a as well as V1b
receptors in the vascular tree, adrenal gland, uterus, and other
tissues mediate the diverse peripheral effects of this peptide.
More relevant to social neuroscience, OT- and AVP-express-
ing neurons in the hypothalamus also project centrally, and OT,
V1a, and V1b receptors are found in the brain. Early studies
described central effects of OT that were consistent with the
peptide’s peripheral effects on labor and lactation (Insel, 1997;
Kendrick, 2004). Similarly, AVP was reported to have central
effects on memory and aggression, among many other behav-
iors (Keverne and Curley, 2004). As in nonmammals, many of
the effects are species specific, some are gender specific, and
nearly all are dependent on gonadal steroids (see, for instance,
Choleris et al., 2003). While this review will focus on neuropep-
tide effects mediated via integrative networks, the reader should
note at the outset that OT and AVP can also influence early pro-
cessing of social perception, as shown in the rat olfactory bulb
(Tobin et al., 2010). Below, I summarize studies of OT and
maternal behavior as well as AVP and affiliation.
OT and Maternal Behavior
In rats, maternal behavior is initiated only after parturition
(Numan, 1988). Adult virgin females avoid or attack pups. Adult
virgin females primed with estrogen and injected centrally with
OT were reported to exhibit full maternal behavior, including
nest building and crouching over pups in a nursing posture (Fahr-
bach et al., 1984; Pedersen et al., 1982; although also see Rubin
et al., 1983). Importantly, an OT receptor antagonist could block
the natural postpartum onset of maternal behavior (Fahrbach
et al., 1985). As estrogen increased OT receptor expression
specifically in the bed nucleus of the stria terminalis and ventral
tegmental area, analogous to effects in uterine and mammary
tissue, the localized increase in receptors along with the pulsatile
central release of the peptide during parturition was thought
to initiate maternal behavior (Insel, 1990). This model has now
been supported by neuroimaging studies in lactating rats (Febo
et al., 2005). Similar evidence emerged from physiological
studies in sheep, also a species with the onset of maternal
care generally only following parturition or with the stimulated
release of OT following vagino-cervical stimulation (Kendrick
et al., 1997; Keverne and Kendrick, 1992). While most of the
focus has been on OT as a mediator of maternal behavior,
a recent study has demonstrated an important role for AVP as
well (Bosch and Neumann, 2008). Note that AVP can bind to all
four receptors, including the OTR, so effects of the peptide
may not be specific for a single receptor subtype.
Given the apparent necessity and the parsimony of OT’s
central effects on maternal behavior (in addition to peripheral
effects on lactation and parturition), one might suppose that an
OT null mutant (OT-KO) mouse would fail to be maternal.770 Neuron 65, March 25, 2010 ª2010 Elsevier Inc.In fact, OT-KO mice exhibit relatively normal maternal behavior
(Nishimori et al., 1996; Young et al., 1998), although subtle defi-
cits have been reported (Pedersen et al., 2006). OT-KO mice
have profound social amnesia (without apparent deficits in
nonsocial memory), and they show altered aggression, but
maternal behavior is largely preserved (Ferguson et al., 2000).
Mice with a knockout of the OT receptor show deficits in
maternal behavior, suggesting that AVP or some other endoge-
nous ligand may be binding to the OT receptor in OT-KO mice
(Takayanagi et al., 2005). It is also important to recognize that
mice, unlike rats or sheep, are ‘‘promiscuously’’ maternal,
meaning that they do not require parturition or steroid induction
to exhibit maternal care. The species difference is instructive: OT
may be critical for the initiation of maternal care, permitting
female rats and sheep to overcome their avoidance of neonates
(Russell and Leng, 1998). But there is a deeper lesson here as
well. There is a profound difference in the forebrain distribution
of OT receptors in mice and rats even in the absence of any
difference in the distribution or quantity of OT cells (Insel et al.,
2001). The receptor maps may be a useful guide to under-
standing the function of the peptide in different species. For
instance, the gonadal steroid induction of OT receptors specifi-
cally in the bed nucleus of the stria terminalis of the rat brain may
be important for inhibiting pup avoidance and permitting
maternal behavior to emerge (Insel et al., 2001).
AVP and Affiliation
Voles are microtine rodents found in diverse habitats in North
America. For social neuroscience, voles offer good models for
comparative studies because closely related species exhibit
marked contrasts in social organization and social behavior
(Aragona and Wang, 2004; Carter et al., 1995; Lim et al., 2005;
McGraw and Young, 2010). Prairie voles (Microtus ochrogaster)
and pine voles (Microtus pinetorum) are monogamous species
living in burrows with extended families; montane voles (Micro-
tus montanus) and meadow voles (Microtus pennsylvanicus)
are promiscuous species often living in solitary burrows. Curi-
ously, these species differences in sociality are evident in the first
days of life: prairie vole pups respond to social isolation with
ultrasonic calls and increased corticosterone, whereas montane
vole pups do not respond to social isolation as a stressor,
although they produce ultrasonic and corticosterone responses
to nonsocial stressors (Shapiro and Insel, 1990).
Male prairie voles show a striking change in behavior following
mating, including an enduring selective preference for their mate
(increased affiliation), increased aggression toward other males
(mate guarding), and increased paternal care (Carter et al.,
1995;Wang et al., 1994). These changes are not seen inmontane
or meadow voles following mating, suggesting that these
mating-induced changes reflect pair bonding and are funda-
mental to monogamous social organization in prairie voles.
As AVP and OT are released with mating (Ross et al., 2009a),
does either peptide have a role in the prairie vole’s pair bond
formation? AVP, given centrally to prairie vole males who have
not mated, induces each of these pair bonding behaviors
(Wang et al., 1994; Winslow et al., 1993). A V1a receptor antag-
onist given centrally blocks each of these behaviors in males
allowed to mate, without reducing mating behavior per se
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Figure 2. Contrasting Distribution of Oxytocin
and Vasopressin V1a Receptors to Prairie
(Monogamous) and Meadow (Promiscuous) Voles
Receptors are labeled with iodinated ligands by in vitro
receptor autoradiography. Levels matched across species
with arrows pointing to homologous structures. Prairie
voles show higher binding in nucleus accumbens for
oxytocin and ventral pallidum for vasopressin. Meadow
voles show higher binding for vasopressin in lateral
septum. Not shown are differences in other regions,
including posterior cingulate-retrosplenial cortex (high for
vasopressin V1a receptor in prairie vole) and ventral
thalamus and amygdala (high for oxytocin receptor in
meadow vole). PFC, prefrontal cortex; CP, caudate puta-
men; NAcc, nucleus accumbens; LS, lateral septum; VP,
ventral pallidum. Figure adapted with permission from
Hammock and Young (2006).
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bonding in male prairie voles, although OT increases and an OT
receptor antagonist decreases partner preference formation
and parental behavior in female prairie voles (Insel and Hulihan,
1995; Cushing et al., 2001; Ross et al., 2009b). AVP or a V1a
receptor antagonist administered to montane voles has no
impact on social behavior, although the peptide increases self-
grooming (Insel et al., 1993; Young et al., 1999).
Why does the same peptide have such different effects in two
closely related species? The neuroanatomical expression maps
for the V1a receptor and the OT receptor are markedly different
across vole species (Insel and Shapiro, 1992; Young et al.,
1997b) (Figure 2). In prairie voles, which pair bond following
mating, V1a receptors are highly concentrated in the ventral pal-
lidum, and OT receptors are expressed most heavily in the
nucleus accumbens, both regions associated with reward and
reinforcement. In montane voles or meadow voles, V1a and OT
receptors are more heavily expressed in the lateral septum and
amygdala. One model (Figure 3) would suggest that the neuro-
peptides are released in both species with mating but that the
neurobehavioral consequences of mating are different because
the neuropeptides are activating different pathways: in pair
bonding species, mating is reinforcing and leads to attachment.
In non-pair-bonding species, mating has no enduring effects
(Young et al., 2005).
Several observations in male prairie voles support this model.
Overexpression of V1a receptors with viral-vector-mediated
gene transfer into the ventral forebrain, including the ventral pal-
lidum, facilitates pair bonding even in the absence of mating
(Pitkow et al., 2001). Cells in the ventral pallidum express Fos
with mating and selective overexpression of the V1a receptor
in the ventral pallidum increases Fos expression with mating
(Lim and Young, 2004). But perhaps the most direct evidence
is that local injection of a V1a receptor antagonist into the ventral
pallidum (but not into two other limbic regions with V1a recep-
tors) inhibits pair bond formation (Lim and Young, 2004).NeIn fact, expressing the V1a receptor in the
meadow vole ventral pallidum is sufficient to
induce pair-bond-like behavior after mating in
this nonmonogamous vole (Lim et al., 2004).
In an analogous fashion, overexpression of theOT receptor in the nucleus accumbens of female prairie voles
facilitates partner preference formation (Ross et al., 2009b).
Note that this model that focuses on oxytocin and vasopressin
as neuromodulators binding social signals to reward pathways
does not take into account effects of these neuropeptides on
anxiety and stress pathways (as suggested above for maternal
behavior in rats and sheep) nor does it account for neuropeptide
effects on social memory (as noted above for theOT-KOmouse).
This model also leaves several questions unanswered. What
other brain regions are involved in sociality? Phelps and his
colleagues have pointed out that there are several other areas
that manifest both intraspecies and interspecies variation in
V1a receptor distribution in voles studied in the field (Phelps
and Young, 2003). Receptor density in the posterior cingulate-
retrosplenial cortex was better than ventral pallidum as a
predictor for mating success in male prairie voles in the field,
although the correlation was especially found with males that
mated but did not form pair bonds (Ophir et al., 2008). Gobrogge
and colleagues have demonstrated recently the role of V1a
receptors in the anterior hypothalamus for mediating the aggres-
sion or mate guarding associated with pair bonding, with recep-
tors increased in pair bonded males (Gobrogge et al., 2009).
Why the gender difference in response? There are no striking
gender differences in receptor expression, yet the path to pair
bonding appears preferentially to use AVP in males and OT in
females, just as found for effects on many other sociosexual
behaviors in other species (Goodson and Bass, 2000).
What are the downstream effects of AVP binding to its
receptor in the ventral pallidum or OT binding to the nucleus
accumbens? Wang and his colleagues have demonstrated the
importance of an interaction between OT and dopamine, specif-
ically the dopamine D2 receptor, in the nucleus accumbens for
pair bond formation in female prairie voles (Aragona et al.,
2003; Curtis et al., 2006; Liu and Wang, 2003). In the nucleus
accumbens shell, the cellular output appears to involve cyclic
adenosine monophosphate (cAMP) signaling: decreased cAMPuron 65, March 25, 2010 ª2010 Elsevier Inc. 771
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Figure 3. A Model for Mating-Induced Pair Bonding in Voles
In monogamous prairie voles, pair bond formation usually occurs as a conse-
quence of mating. The model is based on the release of oxytocin and vaso-
pressin with mating. In prairie voles, these neuropeptides activate receptors
and interact with dopamine in brain regions associated with reward and rein-
forcement. The model presumes that the neuropeptides transduce the
sensory information about the identity of the mate to a highly salient reinforcer.
The pair bond is operationally a conditioned response to the mate. In nonmo-
nogamous voles, the same peptides are released with mating but the absence
of receptors in reward pathways precludes pair bonding. Experimental
evidence supporting this model includes blockade of pair bonding by local
administration of antagonists for oxytocin and vasopressin V1a receptors in
mating prairie voles and induction of partner preference formation in nonmo-
nogamous voles by local viral vector induction of receptors. OT, oxytocin;
AVP, vasopressin; DA, dopamine; VP, ventral pallidum; RS, retrosplenial
cortex; AH, anterior hypothalamus; NAcc, nucleus accumbens; D2, dopa-
mine-2 receptor; LS, lateral septum; Thal, thalamus.
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signaling or activation of PKA (protein kinase A) inhibits pair
bond formation (Aragona and Wang, 2007). The cellular nature
of the enduring pair bond—whether epigenetic or some form of
cellular plasticity—is not yet known, although an intriguing
body of work from Wang’s lab points to a role for dopamine D1
receptors in the maintenance of pair bonding (Aragona and
Wang, 2009).
Finally, perhaps the most fundamental question is how such
closely related species could have evolved such different neuro-
anatomical receptor expression maps? In fact, the expression of
V1a receptors and OT receptors are strikingly different across
mammalian species, in contrast to most neuropeptide receptors
that have conserved patterns of expression. It may be more than
coincidence that other monogamous species, such as marmo-
sets and California mice (Peromyscus californicus), resemble
prairie voles in that they also have OT or V1a receptors in nucleus
accumbens or ventral pallidum, areas associated with reinforce-
ment and reward (Bester-Meredith et al., 1999; Insel et al., 1991;
Schorscher-Petcu et al., 2009; Wang et al., 1997). Indeed,
oxytocin has been reported to influence pair bonding in marmo-
sets (Smith et al., 2010). But how does one explain the difference
between congeners like prairie and montane voles? These
species show few differences in the distribution of opiate recep-
tors (Insel and Shapiro, 1992), although species differences for
CRF receptors are striking (Lim et al., 2006).Young and
colleagues have done a series of elegant molecular studies to
answer this question with the V1a receptor (reviewed in Young772 Neuron 65, March 25, 2010 ª2010 Elsevier Inc.and Hammock, 2007). Although the coding regions of the V1a
receptor genes are virtually identical across vole species, in
monogamous species (prairie and pine voles), Young found
a variable repeat microsatellite sequence in the V1a promoter
region just upstream from the coding region (Young et al.,
1999). Such a large variable region in the promoter is suggestive
of a functional role because this region of the gene regulates
where and when expression occurs. However, the experimental
evidence is still not conclusive. Inserting the prairie vole gene
with the promoter into the mouse genome yields patterns of
receptor expression that resemble the prairie vole pattern but
are not identical (Young et al., 1999). Prairie voles bred for
different length repeat sequences had different anatomical
patterns of receptors and different sociosexual behaviors
(including partner preference formation), suggesting that this mi-
crosatellite may be important for both individual differences
within a species as well as the marked differences observed
between species (Hammock and Young, 2005). Recent studies
comparing V1a receptor gene sequences fromwild-caught voles
suggest it may not be the length of the promoter microsatellite
but aspects of the sequence or potentially interactions with
distant sequences that drive tissue-specific expression (Ophir
et al., 2008). Genetic polymorphisms have also been reported
in the vole OT receptor gene (OTR), but their function is not clear
(Young et al., 1997a).
In summary, here we have a story that begins to shine some
light into the dark matter of social neuroscience by bridging
from gene variation to cellular expression to neural network to
affiliative behavior. The results are parallel in many ways to the
C. elegans research on social feeding, which also involved
a neuropeptide receptor and a genetic variant (de Bono and
Bargmann, 1998). There are three critical principles from the
vole story that may be relevant generally to a molecular basis
for social neuroscience. First, comparative studies have proven
important: species differences reveal candidates for individual
differences within a species. Second, differences in neuropep-
tide receptor genes, thus far, appear more informative than
differences in the genes for neuropeptides. Importantly, there
are no evident differences in the levels or distribution of OT or
AVP cells in different vole species (Wang et al., 1996). Third,
genetic sequence differences, especially in promoter regions,
can alter patterns of receptor expression and the geography of
receptors in the brain appears to be, thus far, the best correlate
of social organization. It follows from each of these principles
that (1) one must be cautious about generalizing from one
species to another, (2) measuring neuropeptide levels may not
be as informative as mapping receptor expression patterns,
and (3) that the effects of administering neuropeptide agonists
or antagonists will depend on receptor expression. Can the prin-
ciples gleaned from these studies in nematodes and voles inform
human social neuroscience?
OT and AVP and Human Social Cognition
Humans, like other eutherian mammals, have both OT and AVP
as well as their four receptors: OT, V1a, V1b, and V2 receptors.
Most research in humans has been focused either on the varia-
tions in the genes of these receptors or behavioral and cognitive
effects of administering OT or AVP.
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Figure 4. Variations in the Human
Vasopressin V1a Receptor and Oxytocin
Receptor Genes
Schematics of genomic structure of V1a and OT
receptors show regions of interest for social cogni-
tion. Two microsatellites in the 50 flanking region of
the V1a receptor, denoted RS1 and RS3, have
been associated with autism (Kim et al., 2002;
Wassink et al., 2004; Yirmiya et al., 2006). In partic-
ular, the length of RS3 has been associated with
a range of interpersonal skills (reviewed by Israel
et al., 2008) as well as several measures of fidelity
in men (Walum et al., 2008). The OTR includes
many intronic SNPs, with the cluster shown in
the first intron linked as a haplotype to autism in
Chinese Han (Wu et al., 2005), Japanese (Liu
et al., 2010), and Israeli (Lerer et al., 2008) cohorts.
In a Caucasian cohort (Jacob et al., 2007), neither
this haplotype nor the third intron SNPwas associ-
ated with autism, and in the single positive allele
at rs2254298, the G allele was overtransmitted
to probands, opposite to the overtransmission
of the A allele reported in other populations.
The rs53576 SNP in the third intron, which showed
the largest effect in a family-based association
test in the Han Chinese study (Wu et al., 2005),
has also been associated with measures of
parental sensitivity, altruism, and a test of the
ability to read the emotional state of others (Baker-
mans-Kranenburg and van Ijzendoorn, 2008;
Rodrigues et al., 2009).
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primates are found in some of the same regions detected in voles
and other mammals (Ebstein et al., 2009). However, comparative
studies of these variants in primates defy a simple relationship to
social behavior (Donaldson et al., 2008; Rosso et al., 2008). One
of the most intriguing observations is the increase in V1a
receptor expression and spine density of pyramidal cells in the
prefrontal cortex of male marmosets as they become fathers
(Kozorovitskiy et al., 2006). Remarkably, there is little information
about receptor expression of either OT or V1a receptors in
human or nonhuman primates (Loup et al., 1991; Schorscher-
Petcu et al., 2009). As of 2010, major questions about individual
variation, gender differences, and developmental changes have
not yet been addressed in human brain.
OTRandV1aReceptorGeneticVariation in thePopulation
Although the peptide and precursor peptide genes have been re-
ported to be polymorphic in humans (Xu et al., 2008), the variants
that have been studied most extensively are related to the
receptor genes (summarized in Figure 4) (Ebstein et al., 2009;
Israel et al., 2008; Knafo et al., 2008; Rodrigues et al., 2009;
Walum et al., 2008). The human AVP V1a receptor gene is rela-
tively simple, 2 exons and 1 intron, located at 12q14-15 with
three polymorphisms located in the 50 flanking region and one
in the intron (Thibonnier, 2004; Thibonnier et al., 1994). The 50
flanking region microsatellites, RS1 and RS3, have received
the most attention, with links to a diverse set of interpersonal
skills from sibling relationship to musical ability to economic
decision making (Israel et al., 2008). One intriguing study of
economic decision making in an online game found subjects
with longer RS3 genotypes were more altruistic, and, in a sepa-
rate cohort, longer RS3 polymorphisms were associated with
increased V1a mRNA in human postmortem hippocampus(Knafo et al., 2008). Studies in 552 healthy Swedish twin pairs
reveal significant associations between the 334 allele in the
RS3 polymorphism of the V1a gene and several aspects of pair
bonding in men, including marital status, perceived marital
problems, and reported marital quality as reported by spouses.
The effects were relatively modest (0.27 effect size for carrying
one or two 334 alleles versus none), but the prevalence of this
allele (40%) suggests that, at a population level, this variant
could be relevant to social behavior (Walum et al., 2008).
The humanOTR gene, located at 3p25.3, spans roughly 17 kb,
with four exons and three introns (Kimura et al., 1992). At least 30
single-nucleotide polymorphisms (SNPs) have been reported in
the human OTR, mostly in intronic regions. Among the early
descriptions of the OTR gene structure, a genomic element in
the third intron was implicated in transcriptional repression
(Mizumoto et al., 1997). In a study of this polymorphic region of
the third intron of the OTR, Rodrigues and colleagues reported
a SNP (RS53576) associated with empathy and stress reactivity
in both male and female college students (n = 192) (Rodrigues
et al., 2009). Again, effects were small, but individuals with GG
alleles at RS53576 performed significantly better than those
with AA or AG alleles on a test of the ability to read the emotional
state of others as well as on self-reported measures of empathy
but not on self-reported measures of attachment (Rodrigues
et al., 2009). This same allele has been reported in a study of
parental sensitivity, with AA and AG alleles associated with lower
parental sensitivity to their toddlers (Bakermans-Kranenburg
and van Ijzendoorn, 2008).
In this era of high-throughput genomics, the trend is to scan
the entire genome for common variants in large populations.
These approaches have yielded many genes of small effect
(Manolio et al., 2009). The candidate gene approach, used with
these OTR and V1a receptor studies, suffers from the criticismNeuron 65, March 25, 2010 ª2010 Elsevier Inc. 773
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gene approach, these studies provide more intense coverage
of a small region, identifying both common and rare variants.
It is important to remember that relatively subtle changes in the
regulatory region of the V1a receptor gene in voles appear to
have profound effects on social behavior (Hammock and Young,
2005). With the functional studies of these variants in the vole,
OTR and V1a receptor genes are reasonable candidates to
study in humans, recognizing that species differences are the
hallmark of nonapeptide evolution.
OT and AVP Effects on Human Social Behavior
What are the effects of OT and AVP on human social behavior?
The absence of nonpeptide agonists that readily cross the
blood-brain barrier has required investigators to administer the
peptides intranasally to explore effects on behavior and cogni-
tion. Recognizing that negative studies may be less likely to be
reported, the available published literature converges around
the notion that OT increases trust, empathy, eye contact, face
memory, and generosity (Domes et al., 2007b; Guastella et al.,
2008; Kosfeld et al., 2005; Savaskan et al., 2008; Zak et al.,
2005, 2007). In line with animal research showing that OT
reduces anxiety (Neumann et al., 2000), there is also evidence
that intranasal OT facilitates response to exposure therapy in
people with social anxiety disorder (Guastella et al., 2009b).
In an important extension of this work to neuroimaging, Kirsh
and colleagues reported that OT reduces the amygdala activa-
tion following threatening stimuli (Kirsch et al., 2005). While not
conclusive, the results suggest that the OT effect on amygdala
activation could be more evident in the response to social
threats (faces) versus nonsocial threats (scenes) (Kirsch et al.,
2005). In fact, OT appears to reduce the amygdala response to
emotional expression irrespective of valence (Domes et al.,
2007a).
What about AVP and social behavior? The syndrome of central
diabetes insipidus, which involves either a deficiency of AVP
(central diabetes insipidus) or abnormal V2 receptors (nephro-
genic diabetes insipidus), serves as a natural experiment to
begin to answer this question. There is little data to suggest
that the absence of AVP, as in central diabetes insipidus, is asso-
ciated with social deficits, although subtle memory problems
can be detected (Bruins et al., 2006). Moreover, the administra-
tion of the mixed V2-V1a receptor agonist desmopressin
(dDAVP) as a treatment for central diabetes insipidus, to my
knowledge, has not been reported to influence social behavior
or social cognition.
The limitations for pharmacological studies are notable.
The absence of nonpeptide agonists has been a formidable
barrier for studying CNS effects. Peripherally administered
peptides have a very brief half-life and, following intravenous
administration, less than 1% of the dose crosses into the CNS
(Kendrick et al., 1986). Animal studies have benefited from
central administration of a range of highly selective peptide
agonists and antagonists. But human studies depending on
intranasal administration of peptide face variable delivery to
the brain of a peptide that has an unknown half-life on central
receptors. Nonpeptide antagonists and agonists, currently in
development, could transform this field (Pettibone et al., 1993;774 Neuron 65, March 25, 2010 ª2010 Elsevier Inc.Ring et al., 2010); as would the advent of a PET tracer for
studying receptor expression in human brain.
OT, AVP, and Autism
The vole research on affiliation, the mouse studies of social
cognition, and the human research suggesting prosocial effects
of OT and AVP all beg the question: are these peptides involved
in autism? Autism is a developmental disorder with onset by age
three of social deficits, absent or abnormal communication, and
a tendency to repetitive or stereotyped behaviors. There have
been three lines of evidence exploring the link between OT,
AVP, and autism: genetics, plasma levels, and peptide treatment
studies.
Based on twin studies, autism is among the most heritable of
neuropsychiatric disorders (Abrahams and Geschwind, 2008).
Yet, the genetic basis of autism appears quite complex. There
is, thus far, no evidence linking monogenic causes, such as
fragile X and Rett syndrome, to either oxytocin or vasopressin
or their receptors. Curiously, one of the most heavily studied
autism candidate genes, reelin, has been associated with
changes in the expression of brain OTR (Liu et al., 2005).
Large-scale case control studies looking for common variants
or linkage have not found associations between any of the
known alleles in the genes for OT, AVP, or their receptors,
although two of the many genome-wide searches have reported
linkage on chromosomal region 3p25.3, which contains the OTR
(Lauritsen et al., 2006; McCauley et al., 2005). In fact, genome-
wide association studies (GWAS) in autism have been surpris-
ingly uninformative, beyond findings on chromosome 5 in an
area between two cadherin genes (Glessner et al., 2009; Wang
et al., 2009). Rare variants, such as copy number duplications
or deletions, have been reported to be about 10-fold more prev-
alent in autism genomes relative to controls, with many different
regions of the genome affected (Sebat et al., 2007). An inter-
esting case of pervasive developmental disorder and delayed
speech associated with duplication of 3p25.3 suggested a role
for the OTR as well as several other genes in the phenotype
(Bittel et al., 2006). A few autism cases have been identified
with deletions in chromosome 3 that essentially knock out the
human OTR (Gregory et al., 2009; Sebat et al., 2007). In the
best-characterized case, Gregory et al. reported on a deletion
of the OTR in an autistic boy and his mother, who had OCD.
An affected brother did not have the OTR deletion but exhibited
epigenetic silencing of the OTR due to hypermethylation of the
OTR promoter. In an independent sample, Gregory et al. not
only found additional autism cases with hypermethylation of
theOTR gene but reported reductions inOTRmRNA in temporal
cortex associated with hypermethylation, demonstrating likely
epigenetic silencing of the OTR even in the absence of a genetic
mutation. The reason for this epigenetic modification is unclear,
but this finding reminds us that epigenetic mechanisms may be
important regulators of protein expression. Considerable data
support the hypothesis that early environmental experience,
especially social experience, can have enduring effects on the
OTR system (Carter et al., 2009).
A number of candidate gene studies investigating theOTR and
V1a receptor genes and autism have been published. Figure 4
summarizes what has been reported for variants in the V1a
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Reviewreceptor (Kim et al., 2002; Wassink et al., 2004; Yirmiya et al.,
2006) and OTR genes (Jacob et al., 2007; Lerer et al., 2008;
Liu et al., 2010;Wu et al., 2005; Yrigollen et al., 2008). While there
are many reports for associations between variations in both
genes and risk for autism, the data are not entirely consistent,
as some find the association with different risk alleles, perhaps
reflecting the effects of varying ethnic backgrounds. More
importantly, there is still little evidence that these variants are
functional. For the OTR gene, a third intron variant has been
implicated in transcriptional repression (see above), but this
has yet to be shown for any of the intronic variants reported for
autism. As noted above, there is one report that a longer RS3
version of the V1a receptor gene was associated with increased
levels of hippocampal V1a receptor mRNA (Knafo et al., 2008).
Another report used 121healthy volunteers to test for a functional
role of the RS1 and RS3 variants reported in autism. Looking at
amygdala activation via fMRI BOLD (blood oxygen level depen-
dent functional magnetic resonance imaging) in a face-matching
task, longer RS1 alleles were associated with higher activation,
whereas longer RS3 alleles were associated with lower activa-
tion (Meyer-Lindenberg et al., 2009). While this finding is broadly
consistent with the vole data as well as evidence for vasopressin
receptors in the rat amygdala (Huber et al., 2005), the evidence in
humans points to a role for OT rather than AVP on amygdala acti-
vation (Kirsch et al., 2005). The presence or role of V1a receptors
in the human amygdala remains to be defined.
Is there any evidence for a decrease in OT or AVP neuropep-
tide levels in autism? Modahl and colleagues reported a marked
reduction in OT in children with autism relative to age-matched
controls (Modahl et al., 1998). This decrease in circulating OT
could be explained by a deficit in processing the peptide from
its precursor prohormone (Green et al., 2001). There have been
few attempts to replicate these findings, although Andari et al.
noted profoundly reduced OT plasma levels in their study of
high-functioning autism patients (Andari et al., 2010) As noted
above, children lacking AVP have diabetes insipidus but not
autism. Cerebrospinal fluid (CSF) measures of OT or AVP could
be informative but are not currently available from individuals
with autism. Curiously, CSF OT has been reported to be selec-
tively reduced in both women subjected to childhood abuse
and monkeys raised with social deprivation (Heim et al., 2009;
Winslow, 2005).
Currently, there are no medical treatments for the social and
communications deficits that form the core symptoms of autism.
If OT and AVP are ‘‘prosocial,’’ could these peptides improve
social behavior in children or adults with autism? While AVP
has been more likely to affect male social behavior in other
species and autism is 3-fold more common in males (Abrahams
and Geschwind, 2008), research thus far has focused on OT.
Three studies have examined the effects of OT administered
intranasally to high-functioning autistic patients (Andari et al.,
2010; Guastella et al., 2009a; Hollander et al., 2003, 2007). While
not a cure, the results are promising. These initial trials report
that, relative to placebo, OT improves eye contact, social mem-
ory, and use of social information. These reports should be
considered a proof of principle. With the advent of nonpeptide
agonists (Ring et al., 2010) and expanded clinical trial infrastruc-
ture allowing research with a broader range of children andadults with autism, there may soon be an opportunity to develop
new pharmacological agents tailored to social deficits. Recall,
however, one of the principles from the vole research. The differ-
ence between social and solitary voles is not the amount of
peptide but the location of receptors. If autism involves altered
receptor distribution, the administration of additional peptide
will not reverse the social deficit, just as AVP or OT does not
increase social behavior in the montane voles.
Conclusion
This review began with a brief history of social neuroscience,
describing the dark matter as the molecules, cells, and circuits
linking sensory information to the motor outputs of social
behavior. From research on the npr gene in C. elegans and
studies of OT and AVP receptors in voles, a set of principles
can be distilled. First, neuropeptides and their receptors appear
to be important mediators of social behavior. Second, compara-
tive studies point to important sites of intraspecies as well as
interspecies variation. And finally, from the work in voles, the
neural geography of receptor distribution appears to be critical
for determining function. A working model posits a role for OT
and AVP in social attachment by linking sociosexual information
to pathways for reward and reinforcement, although effects on
other aspects of social cognition or anxiety may also contribute
to pair bond formation.
The role of OT or AVP in human social cognition remains
unclear, but studies of intranasal OT suggest prosocial effects
as measured operationally or by self-report. Whether OT, AVP,
or their receptors are involved in autism is still not proven from
genetic studies. The possibility that OT could improve social
cognition in autism is especially intriguing given the absence of
effective medical treatments for the social deficits of this
syndrome.
Social neuroscience is still a frontier area of neurobiology.
In 2010, one of the most exciting areas of this frontier is the
opportunity to bridge the insights emerging from studies of social
cognition and social behavior in animals to human research.
While there is a temptation to think of ‘‘animal models’’ of human
disorders or to assume that findings in animals will map directly
on to human neurobiology, the translational bridge will need to
be built with careful consideration of species differences, based
on evolutionary adaptations. While some of the principles may
be conserved (i.e., importance of receptor maps and role of
gonadal steroids), the details for social organization need to be
explored for each species, recognizing the importance of diver-
sity in the neural mechanisms for social cognition.
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